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Calcium hydroxide has been extensively and steadily used for direct pulp capping in modern clinical dentistry.
As it was known to have potential to induce hard tissue repair, this chemical has been applied to the exposed
dental pulp and the hard tissue is expected to be regenerated above the pulp. During the reparative process of
exposed pulp, primary odontoblasts that were lost as a result of extensive damage are replaced with newly
differentiated odontoblast-like cells. This process is known to follow the sequential steps of proliferation, mi-
gration, and differentiation of progenitor cells. This research will examine the relationship between calcium
hydroxide and the recruitment, proliferation, and mineralization of postnatal dental stem cells, obtained from an
immature dental tissue of beagle dogs. Immunocytochemical staining and reverse transcriptase–polymerase
chain reaction were used to identify the putative stem cell markers. Immunoblot analysis, wound healing assay,
cell migration assay, and alizarin red staining were used to evaluate proliferation, migration, and mineralization
capacity of the calcium hydroxide-treated stem cells. As an in vivo study, a combination of calcium hydroxide
and autologous dental pulp stem cells (DPSCs) was applied for the treatment of intentionally created tooth
defects on the premolars and the molars in beagle dogs to observe dentin regeneration. Ex vivo expanded DPSCs
and periodontal ligament stem cells expressed STRO-1 and CD146, the mesenchymal stem cell markers. It was
evident that calcium hydroxide increased recruitment, migration, proliferation, and mineralization of the DPSCs
and periodontal ligament stem cells. Such results are valuable for future availability of DPSCs, which are
recently focused as the stem cell reservoir for regeneration of dentin upon tooth injury, as well as for elucidation
of the role of calcium hydroxide in pulp capping therapy.
Introduction
Dental pulp is often exposed during clinical processessuch as tooth preparation and removal of dentinal de-
cay accidentally or inevitably. In certain cases, the direct pulp
capping has been used as a solution to maintain pulp health
and function. Studies on the capping materials have been
carried out by many clinicians and researchers, as the se-
lection of the capping material is the key to produce a good
treatment outcome. The ideal functions that a direct pulp
capping material should display are infection controlling
ability, adhesiveness to dentin to prevent microleakage, ease
in handling, and promotion of dentin bridge formation.1 For
the past 60 years, dentists have been using calcium hydrox-
ide as a direct pulp capping material on vital pulp exposure
to induce reparative dentin formation. It was also used as a
cavity liner, which was applied above the dentin to acceler-
ate reactive dentin formation indirectly. The evidence of
calcium hydroxide accelerating dentin formation is known to
lie in its biological properties. When calcium hydroxide
contacts the exposed vital pulp, the high alkaline pH of the
preparation induces a burn of limited amplitude at the sur-
face of the pulp exposure.2 When a certain period of time
elapses after the formation of the scar, the majority of the
inflammatory cells disappear, and the cells that relate to
dentin regeneration appear at the site. However, it remains
unclear which specific cells participate in the regeneration
stage.
The study on the dentin regenerative effects of bioactive
molecules had begun long after introduction of calcium
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hydroxide as a treatment drug in dentistry. Rutherford et al.
reported that indirect pulp capping using bone morphoge-
netic protein-7 (BMP-7) accelerated the formation of reactive
dentin, and the direct pulp capping experiment in monkey
also showed that BMPs aided in the regeneration of dentin.3,4
Goldberg et al. reported the result of using bone sialoprotein
and BMP-7 for pulp capping of the artificially created defi-
cient area on the upper molar of rat and it was by far more
effective in dentin regeneration compared with the control
group.5 As such, many recent experiments have aimed at
examining the regenerative properties of dentin using bio-
active molecules in pulp capping, but the influence of direct
cell implantation therapy on dentin regeneration has not
been elucidated. The identification of putative dental stem
cell populations capable of regenerating organized tooth-like
structures has increased interest in the potential use of
postnatal stem cell-based therapies for dental tissue regen-
eration following trauma or disease.6–10
The dental pulp is a highly vascularized tissue and some
of the conservative procedures in clinical dentistry, such as
direct pulp capping and pulpotomy procedures, result in
blood vessel injury. The injured endothelial cells release
chemotactic factors, which signal the molecules to initiate the
inflammatory process, and also express the adhesion mole-
cules that are necessary in recruiting the inflammatory and
progenitor cells for the initiation of the healing process.11,12 It
was suggested that the injury of the endothelial cell partici-
pates in the recruitment of odontoblast-like cells to the injury
site.13 This raises the issue of the application of stem cells and
signal molecules into the treatment modalities of conserva-
tive pulp therapies and traumatic teeth treatment.
In this study, we investigated the possibility of pulp cap-
ping therapy with dental stem cell in tooth injury and the
role of calcium hydroxide in pulp capping. The regeneration
of dentin via autologous stem cell graft and the elucidation
of the mechanism of calcium hydroxide in pulp capping
therapy were tried for the first time in this research, although
the hard tissue repair through some signaling molecules or
scaffold has been introduced in other studies.
This research will examine the relationship between calcium
hydroxide and the recruitment, proliferation, and minerali-
zation of two types of dental stem cells, dental pulp stem cells
(DPSCs) and periodontal ligament stem cells (PDLSCs) ob-
tained from immature teeth of beagle dogs. As an in vivo study,
a combination of calcium hydroxide and autologous DPSCs
was applied for the treatment of intentionally created tooth
defects on the premolars and the molars in three beagle dogs to
observe dentin regeneration. Based on such results, the
mechanism of calcium hydroxide, which has been selected as
first choice of drug for dentin regeneration, has to be proved
and a new method has to be presented for the clinical usage of
cell therapy with dental stem cells.
Materials and Methods
Primary cells
All procedures were carried out according to the guide-
lines for the Animal Care Committee of Seoul National
University, School of Dentistry. After extracting molar teeth
from three 1-year-old beagle dogs, the pulp tissue and peri-
odontal ligament were carefully separated. The isolated tis-
sue was digested in a solution of 3 mg=mL collagenase type I
(Worthington Biochem, Freehold, NJ) and 4 mg=mL dispase
(Boehringer, Mannheim, Germany) for 1 h at 378C. Cell
suspensions were cultured in the a-modification of Eagle’s
medium (Gibco BRL, Grand Island, NY) supplemented with
10% fetal bovine serum (Equitech-Bio, Kerrville, TX), 100mM
ascorbic acid 2-phosphate (Wako, Tokyo, Japan), 2mM glu-
tamine, 100 U=mL penicillin, and 100mg=mL streptomycin
(Biofluids, Rockville, MD). Cell suspensions were incubated
at 378C in 5% CO2. All primary cells were used in their
second or third passage. Percentage of STRO-1-positive cells
was analyzed by flow cytometry, as STRO-1 was known as a
putative mesenchymal stem cell marker. Cells were har-
vested in phosphate-buffered saline (PBS) containing 2 mM
ethylenediaminetetraacetic acid, washed once with PBS,
fixed in 3.7% paraformaldehyde, and incubated with anti-
STRO-1 antibody 1:100 (volume=volume) dilution in PBS for
60 min at 48C in the dark, then incubated with second anti-
mouse antibody 1:500 (volume=volume) dilution in PBS for
30 min at 48C in the dark, and finally analyzed with a FACS
Vantage cell sorter (Becton-Dickinson, Mountain View, CA).
The data were analyzed using a Mod-Fit 2.0 cell cycle anal-
ysis program (Becton-Dickinson).
Immunocytochemical and histological examination
To identify the putative postnatal stem cells from the
cultured cells, the expression of STRO-1, a cell surface mar-
ker for mesenchymal stem cells, was confirmed by immuno-
cytochemistry. Isolated stem cells from the dental pulp and
periodontal ligament were seeded at 1104 cells=well in six-
well plates on 2222 mm cover slips and cultured for 24 h
at 378C in 5% CO2. After being washed in PBS (pH 7.4) and
3.7% paraformaldehyde in PBS at pH 7.4, the cells were
permeabilized for 15 min on ice with 0.1% Triton X-100 in
PBS and blocked with 1% bovine serum albumin overnight
at 48C. Then the cells were incubated with STRO-1 antibody
(1:200; R&D Systems, Minneapolis, MN) for 2 h. The cells
were subsequently incubated with anti-mouse IgG-Cy3
(Zymed Laboratories, Carlsbad, CA) for 1 h. Then the nuclei
were stained with 40,6-diamidino-2-phenylindole (DAPI)
(2 mg=mL) for 30 min. Four to 6 weeks after direct pulp
capping, the premolars were carefully extracted. After fixa-
tion in buffered formalin solution for 96 h, the specimens
were decalcified in 12% ethylenediaminetetraacetic acid for 4
weeks at room temperature. Four-micrometer-thick serial
bucco-lingual sections were cut longitudinally through the
center of the exposure site. Sections were then processed for
hematoxylin and eosin staining. Immunohistochemical
staining was performed on premolar specimens obtained
from the beagle dog. Briefly, paraffin sections (4mm) were
dewaxed and hydrated with alcohol series. After antigen
retrieval in citrate buffer, the sections were treated with hy-
drogen peroxide. The sections were then incubated with the
anti-STRO-1, anti-dentin bone sialoprotein antibodies, and
DAPI. Cells and tissues were imaged using a LSM 510 META
confocal laser scanning (Carl Zeiss, Göttingen, Germany).
Reverse transcriptase–polymerase chain reaction
Total RNA was prepared using Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. The
first-strand cDNA was synthesized using a first-strand
cDNA synthesis kit (Invitrogen). The primer set for poly-
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merase chain reaction (PCR) included CD146 (sense, 50-TAC
CCC ATT CCT CAA GTC-30; antisense, 50-TCA GAC ACA
TAG TTC ACC AG-30) and glyceraldehyde-3-phosphate
dehydrogenase (sense, 50-TCT CAA CTA CAT GGT GTA
CA-30; antisense, 50-GGA AAT GAG CTT GAC AAA GT-30).
The PCRs were preincubated in a PCR Mastercycler gradient
(Eppendorf, Hamburg, Germany) at 958C for 3 min and then
cycled 33 times at 958C=30 s, 558C=45 s, and 728C=60 s, fol-
lowed by a final 10 min extension at 728C. The products were
separated by electrophoresis on a 1% agarose gel and visu-
alized by ultraviolet-induced fluorescence.
Selection of the most reactive stem cells
to calcium hydroxide
After exposing the cultured stem cells to various concen-
trations of calcium hydroxide, the stem cell colony was cul-
tured to observe the dose-dependent effects of calcium
hydroxide. Considering that the effective dose of calcium
hydroxide is different for the tissue and cells, four types of
concentrations of calcium hydroxide were each diluted by
10-folds, along with a control group containing no calcium
hydroxide. Through this result, the stem cell with the best
reactivity with calcium hydroxide can be selected, and the
optimal condition can be discovered.
Western blot analysis
To evaluate the proliferative capability of the calcium
hydroxide-treated stem cells, western blot analysis was
performed as resolved on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis.14 Anti-phosphor extra-
cellular signal-regulated protein kinase (p-ERK; Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-ERK (Santa Cruz
Biotechnology) primary antibodies were used and then in-
cubation with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) was carried out.
Protein bands were observed by enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, NJ).
BrdU incorporation
For BrdU incorporation, DPSCs or PDLSCs were seeded
onto 2222 mm cover slips in six-well plates at 2104 cells
per well. BrdU (Roche Applied Science, Indianapolis, IN)
was added at a final concentration of 20mM and the cells
were further incubated for 8 h at 378C. Cells were washed
twice with PBS and then fixed in 3.7% paraformaldehyde at
48C for 10 min. Cells were permeabilized with 0.1% Triton X-
100 at 48C for 5 min and then gently washed three times with
PBS. Cells were incubated with mouse anti-BrdU monoclonal
antibody (Dako, Carpinteria, CA) at a 1:100 dilution for 2 h at
room temperature, incubated with goat anti-mouse-CyTM2-
conjugated secondary antibody at a 1:1000 dilution for
30 min at room temperature, and then washed five times
with PBS. BrdU was incorporated into proliferating cells
only, so that cellular proliferation was assessed. For nuclear
staining, DAPI dihydrochloride (Roche Applied Science) was
used at a final concentration of 1 mg=mL in PBS for 5 min,
followed by extensive washing with PBS. Cover slips were
mounted and then the cells were viewed using a confocal
imaging system. Each analysis was performed at least three
times.
Wound healing assay and cell migration assay
The influence of calcium hydroxide on the recruitment
and migration of the stem cells can be observed by carrying
out a wound healing assay on the selected stem cells, under
an optimal condition. To produce an in vitro wound healing,
DPSCs and PDLSCs were grown to confluence and me-
chanically scratched to remove a fixed area of cells. Cell
migration was measured by the in vitro scratch wound
healing assay. Monolayer cells were scratched with a sterile
pipette tip in six-well plastic dishes. The migratory ability of
the cells was evaluated by measuring the number of cells
within the scratched wound at 0, 6, 12, and 24 h.
The influence of calcium hydroxide on the recruitment
and migration of stem cells can be observed by carrying out a
cell migration assay on the selected stem cells, under an
optimal condition. The control group consisted of cells
grown in a culture containing no calcium hydroxide, and the
experimental group consisted of cells grown in a culture
containing 1mg=mL of calcium hydroxide as final concen-
tration. Approximately 5103 cells were seeded, and the
migration rate was calculated and compared by comparing
the number of cells before swab and after swab, showing the
number of cells that passed the insert and adhered to the
lower surface of the membrane, of each of the control and
experimental group.
Mineralization induction
The influence of calcium hydroxide on the mineralization
of the stem cell can be observed by carrying out alizarin red
staining on the selected stem cells, under an optimal condi-
tion. DPSCs and PDLSCs were used for the experiment, each
comparing the control group containing no calcium hy-
droxide and the experimental group containing calcium hy-
droxide. Also, 8104 cells were seeded in six-well dishes,
each of the groups was cultured in a normal growth media
and a mineralization induction media, supplemented with
5 mM b-glycerophosphate and 10 nM dexamethasone (Sigma,
St. Louis, MO), and then the results were compared. The
experimental procedure was as follows: first, the fixation
stage consisted of removing the growth media, then PBS
washing, and then finally adding 2 mL of ice-cold 70% eth-
anol and settling in room temperature for 10 min. An ap-
propriate amount of 40 mM alizarin red (pH 4.2) solution
was then added to the dish and left in the shaking incubator
at 50 rpm at room temperature for 30 min. A photograph was
taken after three repetitions of PBS washing and then drying.
The alizarin red-stained sample was added with 3 mL of
10 mM sodium phosphate–10% acetylpyrimidium (pH 7.0)
solution, followed by the destaining procedure and incu-
bating at room temperature for 15 min. The destained sample
was then transferred to a 96-well plate and the absorbance
was measured at 562 nm.
Stem cell autograft in beagle dog dental defect model
Three beagle dogs (aged 1 year) were used for this inves-
tigation. These animals were anesthetized with an intrave-
nous injection of Zolazepam (0.3 mL=kg, Zoletil50; Virbac,
Carros cedex, France) with 2% Rompun (0.15 cc=kg, Xylazine
HCL; Bayer, Leverkusen, Germany). We prepared an access
to the mesial aspect of the premolars in the cervical part of the
EFFECT OF PULP CAPPING USING MESENCHYMAL STEM CELL 1825
coronal pulp, but not in the pulp horn. We also used elec-
trosurgery to remove the papillary gingiva before any cavity
preparation. This allowed a more consistent preparation of
the half-moon cavities in the cervical area of the beagle dog
premolars. Then we drilled half-moon class V cavities in 1–2 s
at the cervical third with a no. 331 inverted cone carbide bur.
This cervical location allows a better mechanical resistance to
occlusal pressures, and consequently, fewer restorative fill-
ings with glass ionomer (GI) cements are lost. The residual
dentin is then pushed with a steel probe, which allows ob-
taining a pulp exposure of a limited size. This process avoids
stretching of the pulp tissue around the bur and uncontrolled
pulp damages.15 The cavities were rinsed with physiological
serum and gently dried with a cotton pellet before being
capped. Prepared cavities as such were divided into four
groups for the experiment. The defective area of group 1, the
control group, was set to apply no stem cells or calcium hy-
droxide but with only GI, group 2 with selected DPSCs and
GI, group 3 with calcium hydroxide and GI, and group 4 with
calcium hydroxide-treated DPSCs and GI. Each group has
two times repeats to the two premolars in one animal, total-
ing 24 premolars in all four quadrants in three animals.
Statistical analysis
Data are expressed as the mean standard deviation.
Statistical significance of differences between groups was
analyzed by Student’s t-test. A p-value of less than 0.05 was
considered statistically significant ( p 0.05).
Results
Isolation and characterization of DPSCs and PDLSCs
We isolated putative postnatal dental stem cells from
dental pulp and periodontal ligament. Most of the cells re-
tained their fibroblastic spindle shape6 (Fig. 1B). To identify
the putative postnatal stem cells from the cultured cells, the
expression of STRO-1 was confirmed by immunocytochem-
istry. The isolated cell populations expressed the cell surface
molecule STRO-1, a mesenchymal stem cell marker6 (Fig. 1B).
The expression of STRO-1 is evident in both the DPSCs and
PDLSCs, revealing a tendency to distribute mainly on the
surface of the cell. As a control, ACHN cells, a renal carci-
noma cell line, did not express STRO-1. Also, as the result
of operating the reverse transcriptase–PCR through a self-
designed primer of CD146, known as a mesenchymal stem
cell marker, a uniform-sized band was evident in both
DPSCs and PDLSCs16 (Fig. 1A). Using the flow cytometry
cell sorting, we obtained a STRO-1 cell population. The re-
sults confirmed that the STRO-1-positive cells were ex-
pressed at 31% on DPSCs and at 27% on PDLSCs.
Proliferation of DPSCs and PDLSCs at different
calcium hydroxide concentrations
To identify the route of ERK activation by calcium hy-
droxide, we measured the activities of the p-ERK after cal-
cium hydroxide treatment on the proliferation of DPSCs and
PDLSCs by western blotting. The concentrations of calcium
hydroxide were 0, 0.1, 1.0, and 10.0 mg=mL as final concen-
trations. The final concentration of 1mg=mL was made by
adding 1 mL of 10 mg=mL calcium hydroxide stock into the
100 mm culture dish with 10 mL of media.
As a result, in the case of the cells grown in the culture
with a low concentration of calcium hydroxide, the activa-
tion level of p-ERK was significantly increased compared
with the control. The PDLSCs grown in the culture with high
concentration of 1 mg=mL calcium hydroxide showed a low
activation level in p-ERK and the level of total protein ERK
did not change as a loading control (Fig. 2). The ERK path-
way is a major transforming pathway and is the main sig-
naling pathway of the mediated cell in this article. ERK1=2
are important members of the enzyme family mitogen-
activated protein kinases. ERK1=2 acts as the hinge of
mitogen-activated protein kinase access. Activation of ERK1=2
results in phosphorylation of transcription factors that in-
duces the regulation of genes, increasing cell proliferation
and protecting cells against apoptosis (Fig. 2A).17,18
Proliferating cell nuclear antigen was originally identified
as an antigen that is expressed in the cell nuclei during
DNA synthesis phase of cell cycle. It was also known as
angiographic and improves morphological vasospasm sig-
nificantly.19 We have also exposed cells to different concen-
trations of calcium hydroxide for evaluation of cell toxicity
and available working dosage for cell proliferation in vitro
system. These results indicate proliferation of the cells, es-
pecially through the elevation of p-ERK and proliferating cell
nuclear antigen protein levels (Fig. 2A). We also measured
the accurate pH in the medium after treatment of calcium
hydroxide at the 10mg=mL concentration. The level of pH
was mildly increased from pH 7.4 to 7.56.
To determine whether calcium hydroxide activated cellu-
lar proliferation, we measured the percentage of BrdU in-
corporation stimulated by calcium hydroxide in DPSCs and
PDLSCs. The relative numbers of BrdU-positive cells were
increased from 25% to 49% (Fig. 2B).
Calcium hydroxide activates cell motility
A wound healing assay was used to assess the migration
of cultured DPSCs and PDLSCs at the fixed time points. The
migratory aspect of the cell was measured by counting the
number of cells observed in between the fixed primary
widths of the wound edge, at a certain site for each time
point. In the cases of DPSCs and PDLSCs, the migration of
the cells significantly increased from 12 h approximately in
the group with 10 mg=mL of calcium hydroxide compared
with the control group (Fig. 3A). To evaluate the migration of
the cells in a different way, cell migration assay was oper-
ated. The cell migration assay compares cell migration by
counting the number of cells before and after swabbing on
the insert membrane. DPSCs in the control group showed
that 30% of the cells seeded passed the insert membrane and
remained adhered even after swabbing the upper surface
(without calcium hydroxide); however, the DPSCs in the
group with calcium hydroxide showed a greater percentage
(60%) of cell migration at 24 h. PDLSCs, similarly, showed
that 32% of the cells passed the insert in the control group,
whereas 58% of the cells migrated in the group treated with
calcium hydroxide (Fig. 3B).
Calcium hydroxide activates mineralization
The effect of calcium hydroxide-induced mineralization
was confirmed by the alizarin red staining (Fig. 4, right
panel). Mineralization of both the DPSCs and PDLSCs was
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compared without calcium hydroxide (control: with PBS) or
with calcium hydroxide (experimental) under normal
growth or mineralization induction condition. The alizarin
red-stained samples underwent destaining procedure,
incubating the samples at room temperature for 15 min
with 3 mL of 10 mM sodium phosphate–10% acetylpyr-
imidium (pH 7.0) solution. The destained samples were
then transferred to a 96-well plate and the absorbance was
measured at 565 nm (Fig. 4, left panel). The mineralization
results after 3 weeks showed that the DPSCs and PDLSCs
cultured at 1mg=mL calcium hydroxide concentration under
the mineralization induction media have far higher miner-
alization reaction than under the normal growth media.
However, the cells treated with PBS (control) and cultured
under normal growth media did not show mineralization
(Fig. 4, right panel). Also, when comparing the DPSCs
and PDLSCs, the mineralization effect of DPSCs was greater
(Fig. 4).
Confirmation of calcification in the defected tooth
To determine whether the calcified tissue is regenerated in
the defect region, we analyzed the renascent region and
calcified region in the group 1 (no graft but only GI), group 2
(DPSCs only), group 3 (calcium hydroxide and GI), and
group 4 (DPSCs treated with calcium hydroxide), respec-
tively (Fig. 5A, B). STRO-1 was stained by immunohisto-
chemistry as a mensenchymal stem cell marker. Dentin
sialoprotein was stained as a marker for dental regeneration.
Manifestation of STRO-1 was the most clearly observed in
group 4 (calcium hydroxide-treated DPSCs with GI) in all
three animals (Fig. 5D). Such findings indicate that in the
FIG. 1. Characterization of dental pulp stem cells (DPSCs) and periodontal ligament stem cells (PDLSCs). (A) Light-
microscopic view of the adherent single-cell colony of DPSCs (arrows). (B) Reverse transcriptase–polymerase chain reaction
(RT-PCR) analysis of DPSCs and PDLSCs. Polymerase chain reaction (PCR) shows the presence of 510 bp in CD146 and
800 bp in GAPDH. ACHN shows the negative control of STRO-1. (C) Immunocytochemical staining using STRO-1, as a
mesenchymal stem cell marker. Cells were incubated with anti-STRO-1 antibody, followed by labeling with anti-mouse
fluorescein isothiocyanate for STRO-1 (arrows). Cytoskeleton was visualized in red by labeling phalloidin with confocal
microscope. 40,6-Diamidino-2-phenylindole (DAPI)-stained nuclei are shown in blue. ACHN shows the negative control of
mensenchymal stem cells (original magnification,630). (D) Cytometric analyses for STRO-1 on DPSCs, PDLSCs, and
ACHN cells. In the histograms, STRO-1 expression in DPSCs and PDLSCs showing an evident positivity; the black line
indicates ACHN cells. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Color images available online at www
.liebertonline.com=ten.
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regenerated region in group 4, the DPSCs have existed and
been differentiated and calcified into dentin-like tissue. Hard
tissue formation was rarely found in the group 1 pulp cavity
but some inflammatory cells were infiltrated above the de-
fected dentin layer. In group 3 (calcium hydroxide with GI),
the necrotic tissue debris existed above the original dentin
layer with inflammatory cell mixture. As for the necrotic
layer formation in group 3 (calcium hydroxide with GI),
several review articles reported that the connective tissue in
direct contact with calcium hydroxide gives rise to a zone of
necrosis, altering the physicochemical state of intercellular
substance, which determines protein denaturation. In addi-
tion, antimicrobial action of calcium hydroxide due to its
high pH in vivo was reported. The existence of massive
granulation in the superficial granulosis zone and the zone of
necrosis above the dentin layer, when calcium hydroxide
contacted directly to the dentin, prohibit the release of cal-
cium ion and delay dentin regeneration for some periods.
For this reason, necrotic layer with mixture of inflammatory
cells were only found in group 3, whereas in group 4 where
FIG. 2. The effects of calcium hydroxide on the proliferating activity of canine DPSCs and PDLSCs. (A) DPSCs and PDLSCs
were grown in a-modification of Eagle’s medium with or without calcium hydroxide for the indicated dosage, supplemented
with 10% heat-inactivated fetal bovine serum, ascorbic acid (final 100 mM), streptomycin (100 mg=mL), and penicillin G
sodium (100mg=mL) in 5% CO2 at 378C. Cell extracts were resolved on 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, and phosphor extracellular signal-regulated protein kinases (p-ERKs), ERKs, and proliferating cell nuclear
antigen (PCNA) proteins were detected by western blot analysis as described in Materials and Methods section. (B) DPSCs
and PDLSCs were either untreated or treated with 10 mg=mL calcium hydroxide for cell proliferating activity. BrdU was
added at a final concentration of 20mM for 8 h to assess cellular proliferation. The cells were fixed, permeabilized, and
incubated with anti-BrdU monoclonal antibody, followed by incubation with goat anti-mouse-CyTM2-conjugated secondary
antibody. EGF was treated with final concentration of 10mg=mL to the DPSCs and PDLSCs for the positive control of BrdU
incorporated cells. Cell nuclei were stained with DAPI. Cells were visualized by a confocal microscope as described in Materials
and Methods section. Cells exhibiting BrdU incorporation in the nucleus were scored as BrdU-positive cells. Error bars indicate
the standard deviations of three independent analyses. Color images available online at www.liebertonline.com=ten.
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FIG. 3. Increase of the migration of DPSCs by calcium hydroxide in vitro. (A) Wound healing assay. Treatment of calcium
hydroxide increased for DPSCs and PDLSCs to fill the wounded area. The graph represents the quantitative results for the
number of cells migrating to the defined unit area. Analyses were performed at least three times. Representative data for the
results are shown in the right panels. (B) Transwell migration assay. The average number of cells penetrating the filters
increased for DPSCs and PDLSCs treated with calcium hydroxide. Color images available online at www.liebertonline
.com=ten.
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the appropriate concentration of calcium hydroxide-treated
DPSCs were grafted showed extensive dentin-like tissue
formation in our experiment. These results proved that pulp
capping with calcium hydroxide-treated DPSCs can be used
in clinical application.20,21
Discussion
From the embryonic inner cell mass, pluripotent stem cells
are isolated. However, most of the tissues of an adult or-
ganism generally include a small pool of cells (adult stem
cells) with an inherent ability to maintain the pool through
self-replication and produce more dedicated progenitor cells
through multiple lineage differentiation.22 Postnatal stem
cells have been found in various tissues, including bone
marrow, neural tissue, skin, retina and, more recently, dental
epithelium.23–25 These cells are usually inert within the nor-
mal adult tissue, but become active upon tissue injury to
participate in the tissue repair process.26 After primary
dentinogenesis, the postmitotic odontoblasts, which secrete
the primary dentin, remain functional and also secrete
physiological secondary dentin continuously, but at a re-
duced rate. These cells retain the ability to respond to mild
environmental stimuli and focally upregulate their secretory
activity during reactionary dentinogenesis leading to den-
tinal regeneration.27 However, a stimulus of greater intensity
may lead to the death of these odontoblasts. In such a case, a
newly differentiated odontoblast-like cell from a precursor,
during reparative dentinogenesis, will take over the role of
dentinal regeneration.28
Although some observations during the regeneration of
the dentin–pulp complex may explain the derivation of the
stem=progenitor cells during reparative dentinogenesis, it
remains indefinable. Potential derivations suggested that
these stem=progenitor cells include a cell-rich layer of
Höhl adjacent to the odontoblasts, perivascular cells, undif-
ferentiated mesenchymal cells, and fibroblasts.29 Recently,
Gronthos et al. had made the attempt to isolate postnatal
human DPSCs. According to Gronthos et al., the DPSCs are
capable of regenerating a dentin–pulp-like complex. Based
on the result of the in vivo transplantation, the DPSCs
were capable of forming ectopic dentin and associated pulp
tissue, representing the adult stem cells, which possess high
proliferative, self-renewal potentials and multilineage dif-
ferentiation.30
According to previous reports, the human bone marrow
and the dental pulp tissue include postnatal stem cells that
carry the ability to differentiate into osteoblast=odontoblasts,
adipocytes, and neuron-like cells. Such stem cells were
STRO-1=CD146-positive progenitors derived from the peri-
vascular area of the bone marrow and dental pulp tis-
sue.6,30,31 The process of local angiogenesis is commonly
evident at all wound-healing sites, including that of the
pulp. Hence, besides the obvious importance of nutrition
supply during the healing process, the local angiogenesis
may also increase the opportunity for the perivascular stem=
progenitor cell recruitment upon regeneration. The angio-
genic growth factor sequestration and release in the dentin
matrix are likely to be a key to the local upregulation of the
angiogenesis during healing.32 It can be thought to have an
indirect effect on the available pool of stem=progenitor cells
necessary upon wound healing. In this study, we found that
the DPSCs and PDLSCs from the beagle dogs are similar to
the human mesenchymal stem cells with respect to their
expression of STRO-1=CD146, implying that DPSCs and
PDLSCs of the dog may also be derived from a pool of
FIG. 4. Effects of mineralization on the calcium hydroxide of DPSCs and PDLSCs. DPSCs and PDLSCs were grown in a-
modification of Eagle’s medium, and mineralization was induced with b-glycerophosphate and dexamethasone. Alizalin red
staining showed mineral nodule formation with induction as described in Materials and Methods section. Note the significant
mineralized nodules in the calcium hydroxide with induction media. Representative data for the results are shown in the
right panels. Color images available online at www.liebertonline.com=ten.
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perivascular cells. The full sequence of dog-specific CD146
had not yet been registered in the gene bank, and therefore,
in this study, we compared the currently known CD146
sequence of the human and mice. The common portions
of the two sequences were used to carry out the reverse
transcriptase–PCR after primer designing, and the final re-
sult shows a reproducible positive reaction in both DPSCs
and PDLSCs as shown in Figure 1A. The dog-specific CD146
primer designed used for this study is thought to become of
great use in the future as the mesenchymal stem cell marker
of the dog.
To find out the effect of calcium hydroxide on the prolif-
eration of DPSCs and PDLSCs, cultured cells from cultures of
various concentrations of calcium hydroxide were used for
observing the expression levels of p-ERK through western
blotting. As a result, it was evident that in the case of cells
grown in the culture with a low concentration of calcium
hydroxide, the expression level of p-ERK was higher than the
control in both DPSCs and PDLSCs. This implies that the
low-concentration calcium hydroxide has positive effects on
stem cell proliferation. The migration of the stem=progenitor
cells to the injury site for differentiation into the newly dif-
ferentiated odontoblast-like cells will be a key factor for cell
recruitment during regeneration, but the vitality of the pri-
mary odontoblast is compromised. The evidence for the oc-
currence of such a migratory event is provided in a vast
number of studies reporting that reparative dentinogenesis
and dentin bridge formation occur in the pulp capping
procedure.2,33–36 This aspect of regeneration remains an at-
tractive area for further study, both in respect of maximizing
the recruitment of progenitor cells, and also, through influ-
encing the nature of the recruited cell population. If the
necessary chemotactic signals for specific cell populations
can be determined, this could be harnessed for directed re-
cruitment of those cells to provide greater specificity to tissue
response.
As such, the cell recruitment and migration play an im-
portant role in dentin regeneration process. Therefore,
wound healing assay and cell migration assay were per-
formed to find out whether calcium hydroxide, the most
commonly used pulp capping agent until now, had effects on
cell recruitment and migration. In the case of DPSCs, the
number of cell migration was significantly increased in
the groups with calcium hydroxide when compared with
FIG. 5. Histological aspect of pulp capping area. (A) Schematic representation of the defect model and clinical photography
of premolars in beagle dogs. (B) Hematoxylin and eosin-stained sections of defect area from premolar of beagle dogs. Hard
tissue formation was rarely found in DPSCs only and Ca(OH)2 only teeth, whereas heavily calcified area was found in DPSCs
treated with Ca(OH)2. (C, D) Boxed regions with circled letters in the regenerated area in contact with defect area are shown
at high magnification. Immunohistochemical analysis was performed with antibodies against dentin sialoprotein (DSP) and
STRO-1 in the group 2 (DPSCs only) or in the group 4 (DPSCs treated with calcium hydroxide). Arrows indicating green
fluorescence are STRO-1 positive areas and red fluorescence are DSP positive areas. DAPI-stained nuclei are shown in blue.
Note the abundance of calcification in the regenerated area in group 4.
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the control group, without calcium hydroxide, in both the
wound healing assay and cell migration assay, as shown in
Figure 3. Such a physiologic result matches the biochemical
aspect of the previous experiment’s result of western blotting
of the experimental group, where the expression level of p-
ERK had increased. This means that cells undergo increased
proliferation and migration because of the effect of calcium
hydroxide.
The final step of dentin regeneration is mineralization. In
this study, alizarin red staining was used to find out the
effect of calcium hydroxide on the mineralization of DPSCs
and PDLSCs. More of the small round alizarin red-positive
nodules were found in the cells grown in the culture with
calcium hydroxide, and this tendency was more evident
even in the naked eye when the mineralization induction
media was used, than the normal growth media (Fig. 4). To
analyze such data, quantitatively, the sample was destained
and the absorbance was measured at 565 nm. As a result, it
was evident that calcium accumulation had comparatively
increased in the cells grown in the mineralization induction
media containing calcium hydroxide, than the other groups.
Also, in comparing the DPSCs and PDLSCs, the minerali-
zation effect was greater in the DPSCs (Figs. 4 and 5). We
previously experimented wound healing assay for cell pro-
liferation and the result was that DPSCs showed critically
increased growth rates than the PDLSCs did. We concluded
that the higher proliferation rate of DPSCs may lead to the
calcium hydroxide-dependent mineralization effect of
DPSCs.
To summarize the results, it was biochemically and
physiologically evident that calcium hydroxide increased
the recruitment, migration, proliferation, and mineralization
of the DPSCs and PDLSCs. Such a result is valuable for the
in vitro examination of the relationship between the DPSCs,
recently focused as the source of cells that are important in
the regeneration of dentin upon injury, and calcium hydrox-
ide, the most commonly used pulp capping agent until now.
Taking a step further in dentin regeneration, the effect of
calcium hydroxide on the DPSCs is not only expected to
simply activate it, as aforementioned, but also to show
additional effects when autologous DPSCs, extracted from
an impacted third molar or stem cells from human exfoli-
ated deciduous teeth, are applied to the defective areas.37
Future studies must focus on the molecular and cellular
changes playing an important role in tooth regeneration,
physiology=embryology, the treatment-related procedures,
and stem cell-related therapies, which will contribute to a
better dental practice.38
We are now facing a new era of restorative dentistry,
regulating the biological activity of the dental tissue to
stimulate the wound healing process and tissue regeneration.
A lot of the nature and potency of dental stem=progenitor
cells remains elusive for further study, and the opportunity
for such a study is extensive in dental tissue regeneration.
Continuous study will definitely lead to proving more ben-
eficial aspects in managing dental disease.
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